This study purposed to characterize the sewage sludge from various sewage treatment plants (STPs) as a biodiesel feedstock. Crude biodiesel was produced from each dried primary sludge (PS) and waste activated sludge (WAS) via in situ transesterification process. The average yield of transesterifiable lipid (TL) was 77.8% and 60.4% of the total lipid content from PS and WAS, respectively. The TL yield had a greater margin among WAS than PS samples due to differences in the biological processes adopted in each treatment plant. The TL recovered from PS and WAS contained 54.2% and 40.1% fatty acid methyl esters (FAMEs), respectively, which were mostly made up of palmitic acid (C16:0) and stearic acid (C18:0). The FAME composition of the biodiesel in the WAS sample was highly associated with a microbial community that grows otherwise, depending on the purpose of the biological treatment process. In particular, the increase in the proportion of nitrifying bacteria that grow predominantly under a relatively longer solid retention time (SRT) contributed significantly to the improvement in FAME content.
Introduction
Sewage sludge production steadily increased over the last several decades, and this trend is expected to continue due to population increase and urbanization. For example, sewage sludge production doubled from 7.2 to 13.8 million dry tons from 2004 to 2015 in the United States (US) [1, 2] . In addition, the annual production from the European Union (EU) and Korea was estimated to be 10.1 and 0.7 million dry tons, respectively, which correspond to 13% and 50% increases relative to the 2004 production numbers, respectively [3] [4] [5] . As the management of sewage sludge disposal is becoming more stringent each year, many countries are focusing on the energy potential of sewage sludge. Biodiesel generation from sewage sludge received attention as the most valuable and practical Triglyceride (TG) + R'OH (Alcohol) → Fatty acid methyl ester (FAME) + Glycerol.
(1)
Fatty acids (FA) + R'OH (Alcohol) → Fatty acid methyl ester (FAME) + Water.
Many studies demonstrated the possibility of biodiesel recovery from sewage sludge [6] [7] [8] . Furthermore, many engineering techniques were adopted to overcome the quality limitations and improve the productivity of sewage sludge-derived biodiesel: development of an in situ transesterification process for high-water feedstock [8] ; a sequential biodiesel extraction using the binary catalyst application [15] ; a study of the high yield recovery process using an enzymatic catalyst for sewage sludge [9] . Understanding the quantitative and qualitative characteristics of a biodiesel feedstock is important in optimizing the technologies, as well as estimating commercial feasibility. The biodiesel potential of feedstocks, such as crops, plants, and microalgae, was already generalized and characterized [16] [17] [18] . Nonetheless, the lipid fractions of sewage sludge may significantly depend on the state of the lipid source. Lipids in PS, originating from fats, oils, and greases (FOGs) directly received from a sewer [19, 20] , are likely to be differentiated by the inclusion of industrial sewerage and by the type of sewer system, i.e., combined/separated sewer. Lipids in WAS, originating from cellular membrane phospholipids, are highly dependent on the microbial type and population, closely linked to the plant configuration and operation of the biological treatment process [21] [22] [23] . Previous studies demonstrated that lipids that can be converted from sewage sludge to biodiesel varied from 2% to 15% depending on the source of sewage sludge (i.e., PS or WAS), as well as the configuration of the biological process (i.e., membrane bioreactor (MBR), anaerobic-anoxic-oxic (A2O)) and operating condition (i.e., biological oxygen demand (BOD) loading) [6, 12] . To our knowledge, however, there is still a lack of basic information to clearly understand the impact of these factors on biodiesel production potential. Thus, it is worthy to investigate the dependence on the characteristics of sewer source and microbial community distribution, subjecting them to the configuration and operational characteristics of the biological process as a feedstock, and correlating them with crude biodiesel production potential.
The overarching goal of this study was to investigate the potential of biodiesel of PS and WAS obtained from various sewage treatment plants (STPs). Since the biodiesel potential is substantially dependent on the sludge properties, it is crucial to understand the main factors for each STP. The details investigated were (1) a comparison of the lipid contents between the PS and WAS, (2) the fractionation of the lipids from recovered products via an in situ transesterification process, and (3) the evaluation of STP operation factors affecting the transesterification products. In terms of biodiesel feedstock, the lipids of sewage sludge were characterized as three types (transesterifiable Lipids (TLs), non-TLs, and FAMEs). Variations of these three types of lipid content depending on sewage sludge could provide practical information about biodiesel recovery through the in situ transesterification process. In addition to production yield, the quality of the biodiesel was evaluated in terms of FAME composition analyzed by gas chromatography (GC). Due to the complexity of these FAME peaks, the differences among sludge samples were readily compared by statistical methods, i.e., principal component analysis (PCA). Finally, a microbial community structure analysis of WAS was carried out to determine the correlation between the operational conditions and biodiesel production potential. The correlations could be used as fundamental scientific information to determine suitable operating conditions of a biological process for enhancing biodiesel production.
Materials and Methods

Sludge Sample Preparation
PS and WAS samples were collected from three municipal STPs in Korea. "J" is the largest municipal STP located in the capital city (Seoul, Korea), with a service population of about 2.5 million people. "H" is located in Gangwon province (Hoengseong, Korea), where about 46,000 people live. "D" is in Daejeon, a moderately sized city, which services about 1.5 million people. The three cities not only have different sizes and plant configurations, but they are also separated by at least 100 km. PS and WAS samples were collected from the discharge ports of the primary and secondary clarifiers, respectively. However, "D" STP samples were taken from the individual thickener, since collecting them at the same point was not allowed. The sludge samples were immediately transferred to the laboratory refrigerator, and then analyzed for water content (WC), total solids (TS), and volatile solids (VS) according to standard methods [24] . Prior to transesterification experiments, the sludge samples were dried at 65 • C for 90 h and stored in a desiccator [25] . The dried samples were stored in a desiccator to keep the water content below 5%. Prior to biodiesel conversion, the lipid content of each dried sludge sample was estimated in terms of biodiesel potential. In addition, WAS pellets centrifuged at 5000 rpm were preserved at −80 • C until microbial community analysis.
Analysis of Lipid Content
The total lipid of the sewage sludge was extracted from a solvent mixture of chloroform and methanol according to the method proposed by Bligh and Dyer [26] [27] [28] . Firstly, 20 mL of a chloroform-methanol mixture (2:1 volume ratio) per gram of dried sludge sample was homogenized for 20 min. The homogenized sample was centrifuged (2000 rpm, 5 min) to separate the solution. The water-soluble impurities contained in the solvent were separated by washing with 0.9% NaCl solution and centrifuging again (2000 rpm, 2 min). After the upper phase (NaCl solution) was discarded, the lower phase (lipids contained in chloroform) was taken separately. Finally, the lipids were separated from the chloroform using a rotary evaporator [26] .
In Situ Transesterification
The in situ transesterification process for extracting crude biodiesel from dried sewage sludge was adopted from our previous study [8] . Firstly, 25 g of sludge sample (dried weight) was placed into a volumetric flask together with 250 mL of methanol solution. Then, n-hexane (100 mL) was also added as co-solvent. The methanol solution contained 5 vol.% sulfuric acid as an acid catalyst. During the 8-h reaction, the mixture was heated at 55 • C and the solvent was recirculated through a condenser on top of the flask. After the reaction ended, the cooled mixture was carefully taken through a separatory funnel. The settled mixture in the separatory funnel could be separated into three phases based on density. The top layer represented nonpolar miscible transesterifiable lipids (TLs) including fatty acid methyl esters (FAMEs), the middle layer included water-soluble by-products, such as glycerol and residual methanol, and the bottom layer represented insoluble solids. The top layer (solvent containing TLs) was carefully taken and treated with a 2% (w/v) NaCl solution to remove water-miscible substances. After three repetitions of the washing step, the solvent was evaporated using a rotary evaporator (R-124, Buchi, Switzerland) at 50 • C under vacuum conditions to collect the final product (crude biodiesel).
DNA Extraction, PCR Amplification, and Pyrosequencing Analysis
The microbial community structure of the WAS samples taken from the biological treatment process of each STP was analyzed via pyrosequencing. Total DNA was extracted from the homogenized 1-g WAS sample using a PowerSoil DNA kit (MoBio Laboratories, Inc., Carlsbad, CA, USA). PCR amplification was performed with 1 µL of DNA extracted through the following condition: 5 min at 94 • C, 30 s with 30 cycles at 94 • C, 55 • C for 45 s, and 90 s of final extension at 72 • C. The amplified PCR products were used for pyrosequencing analysis. Pyrosequencing analysis was performed by the analytical laboratory (Chun's Lab, Seoul, Korea) using a Roche/454 GC Junior system. Raw sequence reads were sorted by unique barcodes. The primer sequences were as follows: bacterial universal (27F: AGA GTT TGA TCM TGG CTC AG, 518r: WTT ACC GCG GCT GCT GG) and archaeal universal (arc112F: GCT CAG TAA CAC GTG G, arc516r: GGT DTT ACC GCG GCK GCT G) for bacterial and archaeal gene amplification, respectively. Sorting of each pyrosequencing read was performed using the EzTaxon-e database (http://eztaxon-e.org) after discarding chimeric sequences containing low-quality scores (average < 25) and read lengths shorter than 300 base pairs [29] .
Analytical Methods
The extraction yield can be defined as the fraction of nonpolar miscible TLs recovered from in situ transesterification.
TL yield (%) =
Total mass of the TLs (g) Total mass of dried sludge (g) × 100
(3)
The FAME content in nonpolar TL sample was determined using the EN14103 method. This method involves performing the analysis using a gas chromatograph (Agilent 7890A, Agilent, Santa Clara, CA, USA) equipped with a flame ionization detector (FID). The analytical conditions of GC-FID with a carbowax capillary column (30 m × 0.32 mm × 0.25 µm) were as follows: both injector and detector temperatures were 250 • C; the column temperature was maintained at 60 • C for 2 min, then sequentially increased by 10 • C/min up to 200 • C, and 5 • C/min up to 240 • C; the final temperature (240 • C) was maintained for 7 min; helium was used as the carrier gas (1 mL/min); nonadecanoic (C19) acid methyl ester was used as the internal calibration standard FAME. The FAME profiles and concentrations were identified using a standard solution (37 comp. FAME mix, Supelco, Bellefonte, PA, USA). The FAME content was determined as follows:
where ΣA is the total peak area, A EI is the peak area that corresponds to the internal standard, C EI is the concentration of the internal standard (mg/mL), V EI is the volume of internal standard (mL), and m is the injection mass of the crude biodiesel sample (mg).
Principal Component Analysis and Weighted Euclidean Distance
Principal component analysis (PCA) was performed for multivariate analysis of the FAME component data from each sewage sludge sample using the "princomp" procedure in SAS 9.4. The multivariate analysis of PCA is a statistical technique used to reduce dimensional output through the princomp procedure of complex high-dimensional data [30] . The FAME components for each sewage sludge sample could be displayed in two-dimensional PC plots obtained from the PCA analysis.
Statistical Analysis
Statistical analysis was conducted with SPSS software (SPSS V12.0 IBM Corporation, Somers, NY, USA). Every experiment, including lipid content and biodiesel conversion, was done in triplicate.
Significant differences between analyses were determined by one-way analysis of variance (ANOVA).
The significance for all p-values was less than 0.05 unless otherwise stated. Table 1 shows the basic information of the three STP candidates. Most of the information, such as process configuration and the operating conditions of each STP, was referenced from data provided by the Ministry of Environment in Korea (MOE) [5] . The SRT was obtained via discussion with the facility operator of each STP. Table 2 shows the solid and lipid contents of each sewage sludge sample. The solid content (TS and VS) between sludge samples was similar except for the "D" sludge taken from the thickener. Despite the fact that the "D" sludge sample had a two-fold higher solid content than others, the VS content (VS/TS) among all sludge samples ranged from 76.5% to 87.1%. The lipid content of PS obtained from all STPs was within a relatively narrow range of 14.0-16.8%. That of the WAS was also within a narrow range of 10.9-11.7%, albeit slightly lower than that for PS. The lipid content in sewage sludge was reported in a much wider range; the global ranges of lipid content in the PS and WAS were 7-35% and 5-12%, respectively [25, [31] [32] [33] . There are not many reports on the differences in PS lipid content among countries; however, it is presumed that oil consumption in kitchen wastewater affects lipid content in the incoming sewage. Based on an Food and Agriculture Organization (FAO) report [34] , European countries consume twice as much fat as Korea (164 vs. 86 g/day/cap) in their diet. Conversely, the regional difference in WAS lipid content between Korea and Europe was not significant, which suggests that the lipid content of WAS is more dependent on the biological characteristics. Figure 1 shows the mass fractions of the lipid extracted from the sewage sludge. We classified sewage sludge lipids into three categories in this study: FAMEs, non-FAME TLs, and non-TLs. The sum of the two former fractions (i.e., FAMEs and non-FAME TLs) was defined as the TLs extractable via in situ transesterification in this study. The fraction of TLs in the PS for the three STPs ranged from 71% to 81 %, demonstrating the relatively large potential of TLs in PS. The FAME fraction in the PS was about half that of the TLs, that is, ranging from 36% to 41% of the total lipids. Meanwhile, the FAME fraction in the WAS was only 12% to 32% of the total lipid, which was noticeably lower than PS and had a wider range. These results indicated that the natural oil (FOGs) present in the PS could be more readily transesterified and converted to FAMEs than the microbial phospholipids of the WAS. Generally, the PS contains fat, oil, and greases (FOGs), which are indigenous lipids in sewage, and which attach to particles during settling in a primary sedimentation tank. In contrast, lipids in WAS accumulate in the microbial cell membrane in the form of phospholipids, as a result of the metabolic pathway of microorganisms. Thus, differences in the metabolic pathways of microorganisms, probably depending on the purpose of the biological treatment process, lead to differences in the lipid fraction of the WAS [12, 35, 36] . The configuration and operational factors of the biological treatment process are widely modified from the conventional activated sludge process depending on the target pollutants, i.e., organics or nutrients. For example, the modified Ludzack-Ettinger (MLE) process focuses on nitrogen removal through nitrification-denitrification, and, in order to ensure nitrification, it generally maintains a relatively long SRT. Conversely, the anaerobic/anoxic/oxic (A2O) process focuses on the simultaneous removal of nitrogen and phosphorus. Phosphorus accumulating organisms (PAOs) can grow well upon being exposed to repeated anaerobic and aerobic circumstances, and more phosphorus can be removed by from the sludge with PAOs under a shorter SRT. The nitrogen and phosphorus removal (NPR) process is a modified A2O process and is characterized by providing a different SRT between PAOs and nitrifiers; the latter can grow attached to biomedia under a longer SRT. Figure 2 illustrates that there is a close correlation between the extracted TL fraction and the SRT applied to each process. The TL fraction of the "D" STP sample, i.e., from the A2O process, was slightly lower than the others. This result agrees with reports of organic carbon being synthesized into intracellular carbon, i.e., polyhydroxyalkanoates (PHAs) or polyhydroxybutyrate (PHB), in PAOs grown for many biological phosphorus removal processes, such as A2O [37, 38] . These internal carbons can be included in the non-TL fraction, because they are readily extractable using chlorinated hydrocarbon solvents (e.g., chloroform), but not using the in situ transesterification process. Although the NPR process adopted by the "H" STP has an intermediate SRT compared to the MLE process adopted by the "J" STP and the A2O process adopted by the "D" STP, its TL fraction was Generally, the PS contains fat, oil, and greases (FOGs), which are indigenous lipids in sewage, and which attach to particles during settling in a primary sedimentation tank. In contrast, lipids in WAS accumulate in the microbial cell membrane in the form of phospholipids, as a result of the metabolic pathway of microorganisms. Thus, differences in the metabolic pathways of microorganisms, probably depending on the purpose of the biological treatment process, lead to differences in the lipid fraction of the WAS [12, 35, 36] . The configuration and operational factors of the biological treatment process are widely modified from the conventional activated sludge process depending on the target pollutants, i.e., organics or nutrients. For example, the modified Ludzack-Ettinger (MLE) process focuses on nitrogen removal through nitrification-denitrification, and, in order to ensure nitrification, it generally maintains a relatively long SRT. Conversely, the anaerobic/anoxic/oxic (A2O) process focuses on the simultaneous removal of nitrogen and phosphorus. Phosphorus accumulating organisms (PAOs) can grow well upon being exposed to repeated anaerobic and aerobic circumstances, and more phosphorus can be removed by from the sludge with PAOs under a shorter SRT. The nitrogen and phosphorus removal (NPR) process is a modified A2O process and is characterized by providing a different SRT between PAOs and nitrifiers; the latter can grow attached to biomedia under a longer SRT. Figure 2 illustrates that there is a close correlation between the extracted TL fraction and the SRT applied to each process. The TL fraction of the "D" STP sample, i.e., from the A2O process, was slightly lower than the others. This result agrees with reports of organic carbon being synthesized into intracellular carbon, i.e., polyhydroxyalkanoates (PHAs) or polyhydroxybutyrate (PHB), in PAOs grown for many biological phosphorus removal processes, such as A2O [37, 38] . These internal carbons can be included in the non-TL fraction, because they are readily extractable using chlorinated hydrocarbon solvents (e.g., chloroform), but not using the in situ transesterification process. Although the NPR process adopted by the "H" STP has an intermediate SRT compared to the MLE process adopted by the "J" STP and the A2O process adopted by the "D" STP, its TL fraction was similar to that of the "J" STP sample. This is presumably associated with the inclusion of nitrifiers grown under a higher SRT in the collected WAS sample [39] .
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Fatty acid composition, as well as content, is a very important indicator to determine the quality of biodiesel as a fuel. Fatty acids with carbon chains from C12 (lauric acid) to C24 (lignoceric acid) are classified into saturated and unsaturated fatty acids, according to the presence of double bonds in the carbon chain. The composition of the individual FAME determines the fuel characteristics of the biodiesel, such as the velocity of combustion, ignition temperature, oxidation stability, and viscosity. Compositions of FAMEs with different carbon chain lengths also affect the cetane number; the cetane number increases with FAME carbon chain length [40] . The cetane number is an important measure of ignition delay for a fuel source. A lower cetane number corresponds to a longer ignition delay, which has implications in engine performance (i.e., knocking). The melting point and viscosity are closely related to unsaturation [41, 42] . The major fatty acids in vegetable oils are C16:0 (palmitic acid) and C18:0 (stearic acid). In addition to these two common fatty acids, vegetable oils contain other fatty acids, such as C12:0 (lauric acid), C14:0 (myristic acid), C16:1 (palmitoleic acid), C18:1 (oleic acid), C18:2 (linoleic acid), and C18:3 (linolenic acid) [43] . Figure 3 shows that more than 15 kinds of FAMEs were identified from the biodiesel derived from sewage sludge. Of the identified FAMEs, the C16 and C18 FAMEs contributed to more than 88% and 77% of PS and WAS, respectively. They are major components of conventional vegetable oil-derived biodiesel, such as cottonseed or coconut oil, indicating that sewage sludge is a very favorable feedstock for the production of good biodiesel [44] . Similar to the lipid fractions shown in Figure 1a , the FAME compositions among the PS samples were similar to each other, while those among the WAS samples were different. Proper proportioning of the saturated and unsaturated FAMEs is important for the desired fuel quality of biodiesel, in terms of combustion rate and fluidity. Even though the optimal ratio between the saturated and unsaturated FAMEs remains to be established for a biodiesel quality standard, existing biodiesel feedstocks, such as palm oil or beef tallow, have a ratio in the range of 0.1-2 [45, 46] . Of the samples, FAMEs derived from the WAS of "J" and "D" STPs were coincident with this range, in terms of saturated/unsaturated ratio. However, "H" STP samples contained very high concentrations of saturated FAMEs (ratio of approximately 9.0). The high concentration of saturated FAMEs would lead to a reduction in the fluidity of the biodiesel. 
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Effect of Microbial Community Structure on FAMEs Recovered from WAS
In all WAS samples, bacterial phyla were dominated by Proteobacteria (48.81%), Bacteroidetes (26.11%), and Nitrospirae (6.59%). This is a similar composition to previously published data, where Proteobacteria (57.30%) and Bacteroidetes (26.60%) were found [48] . The microbial community distribution of the "H" STP, particularly the composition of the three phyla noted above, significantly differed from other WAS samples. Instead of a lower Proteobacteria content, the Bacteroidetes (30.97%) and Nitrospirae (11.59%) contents were comparatively high at the phylum level ( Figure 5 ). The greater presence of Nitrospirae was most likely related to the purpose of the biological treatment process (i.e., nitrogen removal). As described above, the NPR process at the "H" STP employs suspended biomedia, in order to increase the retention time of slowly growing nitrifiers, such as Nitrospirae [49] . It was reported that the lipid content of Nitrospirae is normally two times greater than that of Proteobacteria, which was the predominant class of the other WAS samples [50, 51] . The relatively larger proportion of slowly growing microorganisms, such as Nitrospirae, might contribute to the higher FAME production potential from the WAS sample of the "H" STP ( Figure 1b) . Simultaneously, this also differentiated the FAME composition from the other two STPs, as discussed above (Figure 4 ).
The overall results indicated that the crude biodiesel FAME compositions, as well as the microbial community structures, were substantially dependent on the configuration of the biological process and operational factors, particularly SRT. The population species varied depending on whether the treatment process targeted phosphorus removal (or simultaneous phosphorus and nitrogen removal) or nitrogen removal. Longer SRTs were more favorable for the growth of nitrifying bacteria (i.e., Nitrospirae), which led to an increase in microbial lipid content. 
Conclusions
The ultimate goal of this study was to characterize the crude biodiesel production potential of sewage sludge, based on the characteristics of the sewer system and the configuration and operation of the biological processes. Both PS and WAS contained a sufficient amount of extractable lipids and a similar FAME composition to vegetable oil. In terms of crude biodiesel productivity, PS had a more consistent and higher lipid content than WAS, even though it was affected by sewer system and regional characteristics. In contrast, the FAME yield and the FAME composition derived from WAS were very diverse depending on the microbial ecology and physiological state, features which were determined by the biological configuration and operational factors, such as SRT. The overall results suggest that, in order to use the WAS as a biodiesel feedstock, it may be desirable to adopt a biological process with a long SRT and a higher proportion of nitrifiers in the microbial population. 
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